With the final aim of reducing the energy consumption and increase the methane production at Swedish pulp and paper mills, the methane potential of 62 wastewater effluents from ten processes at seven pulp and/or paper mills (A-G) was determined in anaerobic batch digestion assays. This mapping is a first step towards an energy efficient and more sustainable utilization of the effluents by anaerobic digestion, and will be followed up by tests in lab-scale and pilot-scale reactors. Five of the mills produce kraft pulp (KP), one thermo-mechanical pulp (TMP), two chemical thermo-mechanical pulp (CTMP) and two neutral sulfite semichemical (NSSC) pulp. Both elemental and total chlorine free (ECF and TCF, respectively) bleaching processes were included. The effluents included material from wood rooms, cooking and oxygen delignification, bleaching (often both acid-and alkali effluents), drying and paper/board machinery as well as total effluents before and after sedimentation.
INTRODUCTION
Large volumes of wastewater are produced within the pulp and paper industry worldwide. Much of this is today treated in activated sludge processes. The resulting sludge is often dewatered and incinerated or, treated for a fee and used as e.g. filling material [1] . This treatment can incur a cost for the mills at the same time as the potential energy and nutrient content of the effluents is not considered. A way of exploring these resources can be anaerobic digestion (AD), which can have several benefits compared to aerobic techniques. One option is to treat the effluents directly in an upflow anaerobic sludge blanket (UASB) reactor, followed by an activated sludge bed for final treatment of the remaining organic matter. The residues from the activated sludge process (with or without pre-treatment in an UASB-system) can also be used as a substrate in a completely stirred tank reactor (CSTR). Another option is to only use a CSTR-system with sludge recirculation, to allow for the low retention time necessary in systems with high volumetric loading rates. In either case the advantages of AD include reduction of the sludge volume by 30-70% [2] and the production of methane as an energy carrier. In addition, nutrients that are released during AD can be used in the activated sludge basins, thereby reducing the need for commercial nitrogen and phosphorus additions. Hence, anaerobic treatment of effluents from pulp and paper processing can transform the organic matter to methane for the production of vehicle fuel or electricity at the same time as the nutrients in the anaerobic digestate can be used as fertilizer for arable land or forests. This approach will thus reduce both the power consumption and the need of commercial nutrients for the aerobic biological process, since less aeration and external nutrient additions are needed when combined with anaerobic treatment.
Papermaking is initiated by pulping, where mechanical or chemical techniques are used. In mechanical processing the fibers are separated in refiners and the pulp produced contains all wood constituents (eg. cellulose, lignin and hemicellulose) with only moderate chemical modifications. Thermo-mechanical pulping (TMP) involves pressurized steaming of the wood linked to the refining and is often complemented with a chemical step resulting in the chemical thermo-mechanical pulping process (CTMP; reviewed by [3] ). Hydrogen sulfite (HSO 3 − ) is the main chemical used in the CTMP process. Bleaching of TMP and CTMP pulp is primarily achieved using hydrogen peroxide (H 2 O 2 ). In the kraft pulp (KP) process, wood chips are cooked with white liquor where sodium hydroxide (NaOH) and sodium sulfide (Na 2 S) are the active components. However, sodium carbonate (Na 2 CO 3 ), sodium sulfate (Na 2 SO 4 ), sodium sulfite (Na 2 SO 3 ) and sodium thiosulfate (Na 2 S 2 O 3 ) are also present in the liquor. Part of the lignin and hemicelluloses are de-polymerized and dissolved during this cooking process, leaving about 50% of the dry weight of the wood chips in the solid pulp [3] . In the neutral sulfite semi-chemical (NSSC) process, a mix of Na 2 SO 3 and NaHCO 3 is used to dissolve the lignin. The pulp obtained is washed and often bleached. In Sweden, bleaching is achieved by elemental chlorine free (ECF) or total chlorine free (TCF) processes. In ECF-bleaching ClO 2 and H 2 SO 4 are used in an acidic step (pH 2-3) and NaOH (often in combination with O 2 (O) and hydrogen peroxide (P)) in an alkaline step (pH >10), while in TCF bleaching acid (H 2 SO 4 ; A), ozone (Z), O, chelating agents (Q) and/or P steps are combined in different ways. The type of process (TMP, CTMP, KP or NSSC), the raw material and the bleaching sequence all affect the composition of the wastewaters obtained at the mills and, thus, also their potentials as substrates for AD.
Due to the great differences in effluent characteristics, AD has been utilized with various degree of efficiency on effluents from the pulp-and papermaking industry. For bleached/unbleached TMP and CTMP effluents, AD has been successfully implemented in full scale, as well as for NSSC and kraft/sulphite mill condensates [4] [5] [6] . However, with increasing concentrations of substances such as tannins, resin acids, wood extractives or lignin in the effluents, the microorganisms of the AD process can become inhibited. Wastewaters that are known to be toxic to methanogens include wood-room effluents, composite CTMP-wastewaters, spent liquors from chemical pulping and bleaching effluents (reviewed in [7] [8] ).
The results regarding TOC-(total organic carbon) and/or COD-(chemical oxygen demand) reductions from AD-treatments are not always consistent and in many cases hard to compare as the composition of studied effluents are highly dependent on the mill's pulping process, internal water circulation, amount of supplied fresh water and the type of wood used as raw material. All these factors will affect the type of chemicals released with the wastewater, as well as the concentration of TOC/COD and its organic composition (reviewed in [9] ). In addition, most of the work published so far focuses mainly on toxicity reduction of pulp and paper industry effluents [10] [11] [12] [13] , often not considering the large biogas potential in many of these often TOC/COD dense effluents.
As a first step towards a higher degree of implementation of AD, with the final aim of producing methane and at the same time save energy by decreasing the need of aerobic wastewater treatment at Swedish pulp and paper mills, we here report on a survey over methane potentials of 62 wastewater effluents from 10 processes at seven pulp and/or paper mills. The investigation is part of an effort towards a more extended implementation of AD at Swedish pulp and paper mills. The potentials were determined by anaerobic incubation of effluent samples in batch tests. Five of the sampled mills produce KP, one TMP, two CTMP and two NSSC pulp. . The effluents sampled included effluents from wood room, cooking and oxygen delignification, bleaching (often both acidic-and alkaline effluents), drying-and paper/board machinery as well as total wastewater effluents before and after sedimentation.
MATERIAL AND METHODS

Sampling of pulp and paper mills
Wastewater effluents from ten pulp and paper processes at seven Swedish mills were sampled, in total 62 samples were obtained. One TMP, two CTMP, two NSSC and five KP (three with ECF and two with TCF bleaching) processes were included (Table 1) . Four of the five KP-mills are combined pulp and paper mills, two of these produce liquid packaging board and two produce paper. The fifth KP-mill produces market pulp. The TMP-and CTMP mills use P for bleaching. The sampled streams are listed in Table 2 . All samples were collected in two litre plastic bottles and immediately transported to the lab to investigate experimental methane yields by methane potential batch tests (described below). The tests were in all cases initiated within 30h of sampling. The pH, total COD and total TOC of the sampled effluents were measured before incubation. was used for the pH-adjustments.
Analyzed parameters
The pH of the effluents was determined according to [14] using a pH electrode (Inolab pH 730,WTW, Germany). For COD and TOC, kits from Hach-Lange (LCK114; LCK514; LCK014 and LCK386; LCK387, respectively) were used according to the manufacturer's instructions.
The gas production in each bottle was determined by measuring the pressure at each sampling occasion, using a Testo 312-3 Precision manometer (Testo Inc., USA). Samples for methane analysis were taken from the gas phase before adjusting the pressure in each bottle to ambient. The methane content of the headspace gas was determined by gas chromatography with a flame ionization detection (GC-FID; [15] ). Gas was sampled at 37°C and the gas released was accounted for when calculating the methane yields. The measurements were normally performed on day 1, 3, 7, 14, 20, 30 and 45 from incubation start. All gas volumes presented have been normalized to 1 atm pressure and 273 K and are expressed as "normalized mL" (NmL). The data presented in the graphs are mean values of triplicates ± standard deviation (SD). For each effluent, supplementary data on pH, TOC, COD, COD TOC -1 and methane yield per g TOC are given in Appendix A (tables A.1-A.11).
Theoretical CH 4 -yield per TOC (NmL g -1 )
For the methane yield calculations, the TOC content was assumed to be 100% carbohydrates. Complete anaerobic degradation of carbohydrates gives a 1:1 ratio between CH 4 and CO 2. This means that 0.042 mol CH 4 is produced per g of TOC, which corresponds to 940 NmL of CH 4 per g TOC as calculated using the ideal gas law at STP (1 atm and 273 K).
Statistical/Chemometrical analyses
Principal component analysis (PCA) was applied on data from all effluents (bi-plot not shown). Due to dominance in the bi-plot by B1 and B12, PCA was also applied for the dataset excluding B1 and B12 ( Figure 2 ). The software used for the analysis was developed in-house in MATLAB 7.3.0. Included variables were TOC, COD TOC -1 , pH and methane yield per g added TOC. Before performing the PCA the variables were mean-centered and scaled to unit variance.
RESULTS AND DISCUSSION
The results from the methane potential batch tests of the 62 samples are below categorized according to origin of each effluent. The following groups of effluents are represented: wood room, thermo-mechanical pulp processing, kraft pulp cooking, ECF pulp bleaching, TCF pulp bleaching, condensate effluents, paper making, NSSC-process effluents and total wastewater outlets before and after sedimentation. Table 2 gives an overview of the sampled effluents.
Wood room effluents
The five samples taken from wood rooms showed large variations in TOC (0.2−7.7 g L -1 ).
The pH ranged 4.6-6.6 and the COD TOC -1 3.2-3.8 (Table A. 
1). The variations in TOC are
likely linked to the extent of dilution (i.e. differences in the amount of water consumed and in the extent of recirculation within the system), to the raw material and the debarking method used. The highest methane yield was obtained from A2 ( Figure 1A ), corresponding to 40% of the theoretical methane potential. D1, C9 and F1 gave rise to yields of 20-30% while the incubation of the sample from the wood room effluent at mill B (B1) inhibited the methane formation compared to the inoculum control. B1 was also by far the most TOC dense effluent (7.7 g L -1 ), with almost four times the TOC concentration in the sample from mill C that showed the second highest level (2.0 g L -1 ; Table A .1). C9 had a poor initial methane production compared to A2, D1 and F1 with methane yields below those registered in the controls until day 7. Thereafter the yields increased in two steps, i.e. between day 7 and 13 and later between day 45 and 69 ( Figure 1A ). The progression of methane formation from C9 indicates a late hydrolysis of the available TOC in this effluent. This may be the result of an adaptation by the microorganisms to initially inhibiting compounds or possibly a degradation of inhibiting compounds. The methane formation observed for wood room effluents from mill A, D and F indicates that TOC originating from wood room treatments is not inhibiting to anaerobic microorganisms at levels around or below 1 g TOC L -1 (corresponding to 3.6 g COD L -1 ).
Earlier reports give 50% inhibiting concentration (IC50%) values for methanogens of 0.9-1.9 g COD L -1 for wood room effluents (reviewed by [8] ). The presence of resin acids, long chain fatty acids, volatile terpenes and tannins are often used as explanations for the observed inhibiting effects [7] [8] . A=wood room effluents; B=thermo-mechanical pulp processing effluents; C=kraft pulp cooking effluents; D=effluents from the D-step in kraft ECF pulp bleaching and total effluents from kraft ECF pulp bleaching; E=effluents from the EOP-step in kraft ECF pulp bleaching; F=TCF Pulp bleaching effluents; G=mechanical pulp bleaching effluents; H=condensates; I=paper making effluents; J=NSSC effluents; K=before pre-sedimentation; L=after pre-sedimentation.
NmL
Thermo-mechanical pulp processing effluents
Three of the samples taken from the TMP/CTMP mills were linked to the pulping process (Table 2) , in all cases softwood was used in the production ( Table 1) . TOC of these effluents ranged between 1.5 and 2.9 g TOC L -1 with COD TOC -1 between 3.5 and 4.0 and pH values from 4.4 to 8.5 (Table A. 2). The highest methane yield was obtained in incubations with A6 (TMP-white water), where 54% of the theoretical potential was obtained. Also A5 (rejected screening effluent) showed a relatively high yield (45%, Figure 1B ) but with a longer lag phase/inhibited period than A6. This indicates differences in TOC-composition of A5 and A6 although representing the same process and with similar TOC-concentrations (Table A. 2). No leveling off was seen for A5 at termination of the experiment, thus, the total yield for this effluent is likely underestimated (Table A. 2). The lowest methane yield was obtained from effluent G2 (press filtrate after steaming) that gave a final yield below the production of the inoculum controls ( Figure 1B and Table A. 2). These results imply higher methane yields for effluents from TMP compared to CTMP processes, which may be linked to the chemical additions in the CTMP production. Such an assumption is also supported by results reviewed by [8] , that lists the IC50% of CTMP effluents to 1.5-8.2 g COD L -1 compared to 11.5-13.7 g COD L -1 for TMP-waters. Effluents A5 and A6 (TMP) of this study contained 6.0 g COD L -1 and effluent G2 10 g COD L -1 respectively (Table A. 2).
Kraft pulp cooking effluents
Six samples were categorized as pulp-cooking effluents, containing wastewater from KP cooking, washing and oxygen delignification. However, the effluents E12 and F3 also contain wastewater from the alkaline bleaching step at the respective mill. The TOC of C14, C15, D4, E12, E20 and F3 was 0.2, 0.2, 0.2, 0.5, 0.8 and 0.3 g L -1 , respectively. COD TOC -1 ranged 2.9-4.1 and pH-values were between 8.9 and 11.6 (Table A. 3). The highest yields were obtained for streams C14, D4 and F3 with 40%, 70% and 50% of the theoretical methane potential, respectively ( Figure 1C ). All three effluents originate from processing of softwood. Effluents C15 and E20 had yields of only about 10% of the theoretical potential. E20 contains cooking effluents from a hardwood process line producing bleached pulp, while C15 is obtained from a production line producing unbleached softwood pulp.
The methane production mainly occurred during the first incubation week for all six cooking effluents although the final yields differed (Table A. 3). This result imply that the TOC obtained from the kraft pulping and oxygen delignification steps contains more easily degradable organic matter, e.g. fragments from the depolymerization of lignin and hemicelluloses than the effluents from TMP/CTMP refining processes. The differences in yields between C14, D4 and F3 compared to C15, E12 and E20 is likely not linked to TOC concentration as the final yield in C14 was shown not to be affected by TOC-concentration in the range 0.2-0.8 g L -1 (data not shown). It should also be noted that the SD is very large for C15. D4 and F3 had the highest COD to TOC ratios of the six (3.9 and 4.1 for D4 and F3, respectively; Table A. 3) which implies a higher content of more reduced carbon molecules (e.g. long chain fatty acids and methanol). Methane yields were also higher for D4 and F3 when calculated on added g COD (50 and 30% respectively; data not shown) compared to on TOC (Table A. 3).
Previous studies on AD of kraft pulping effluents show varying results. By treating synthetic black liquor using a lab-scale UASB, a methane yield of 18% has been reported by Kortekaas et al. [16] . It should however been noticed that the COD concentration was as high as 12 g L -1 in the Kortekaas study, thus the low yield could, at least in part, be caused by the high concentrations of inhibiting substances. In a study by Sierra-Alvarez, an average methane yield of 38% was achieved when treating black liquor with a lab-scale UASB, at a COD concentration of 2.6 g L -1 . The data reported in [17] is still higher than several of the effluents included in this study (methane yields of 50% for D4, 30% for C14 and F3, and around 10% for C15, E12 and E20). Our lower yields might be due to the different methods used (UASB vs. batch), where the continuous treatment in a UASB could potentially lead to acclimatization of the microorganisms to the inhibiting substances of the pulping effluent.
Kraft pulp bleaching effluents 3.4.1 ECF pulp bleaching
Of the five effluents from acidic ECF bleaching steps, four gave negative methane yields compared to the inoculum controls while D7 showed a positive final methane yield ( Figure  1D ). The TOC values of the acidic effluents ranged 0.2-0.7 g L -1 , COD TOC -1 was between 2.3-2.6 and the pH ranged 2.4-3.6 (Table A.4). Three of the samples from the alkaline bleaching steps gave positive methane yields (C3S at 15%, C3H at 35% and D8 at 40% of the theoretical potential; Figure 1E ). D10 was shown to have an inhibitory effect on AD ( Figure 1E ). D8 contains effluent from an EP sequence D10 effluent from an EOP sequence, while C3S and C3H were sampled at different times from an EOP P sequence when softwood respective hardwood pulp was processed ( Table 1) . The TOC to COD ratios of the alkaline bleaching effluents were 2.3-2.7 and pH 10.8-11.6 (Table A.4). The reason for the inhibition of the D10 incubations is not known but is likely due to a carryover of inhibiting substances from the D-steps
The composite bleaching effluents C6 and F6 (0.5 g and 0.2 g TOC L -1 ) inhibited methane production ( Figure 1D ). The COD TOC -1 of C6 and F6 were 2.1 and 2.5 and the pH 5.0 and 2.9 respectively; Table A.4). The highest yields from the ECF-bleaching effluents were obtained from the acid (D7) and alkaline (D8) bleaching streams of kraft process 1 (Table 1) at mill D and from the alkaline effluent C3H. The reason could be that both the process 1 effluents (D7 and D8) and C3H processed hardwood. When the same alkaline bleaching effluent was sampled during production of softwood pulp (C3S), a much lower methane yield was achieved. The higher yields for the hardwood based alkaline effluents is in agreement with previous studies from sulphite pulping wastewater ( [18] ) and can likely be explained by the differences in chemical composition between hardwood and softwood. Hardwood have been reported to be more easily fractionated then softwood (reviewed by Janga et al. [19] ) which might mean that more low molecular, degradable TOC is available in hardwood effluents. The higher lignin and resin acids content of softwood might also affect the degradability of softwood effluents in a negative way. Kostamo et al [20] showed that wastewater from a mill treating both hardwood and softwood contained less resin acids than mills treating only softwood,, which is further supported by [21] , where it is described that the extractives of softwood are more easily dissolved from the pulp during cooking due to formation of micelles. More research is however needed to explain the observed differences. The acidic hardwood effluent C2H was inhibiting the methane production while the corresponding effluent at mill D (D7) gave a positive yield. This difference might be explained by the fact that mill D uses fresh-water in kraft process 1, whereas mill C re-circulates the water within the bleaching process. This result implies that the methane potential of acid bleaching effluents are more linked to the bleaching chemicals used, while the methane potential of the alkaline bleaching steps are at least partly linked to the raw material processed. This is also supported by the fact that the total bleaching outlet from mill C inhibited the methane production, showing that the inhibiting compounds from the acidic bleaching step had an influence on the composite bleaching effluent at this mill. For mill F, the composite bleaching effluent mainly contain the acidic effluent mixed with wastewater from the chlorine dioxide production process, which may explain the stronger inhibiting effect of F6 compared to C6 that combines the acidic and alkaline effluents. That the acidic D-effluents ( Figure 1D ) were the most toxic can be due to the formation of chlorinated compounds in the treatment with ClO 2 or to residual ClO 2 /Cl 2 . It should however also be noted that the toxicity of D-effluents have earlier been indicated to be, at least partly, associated with non-chlorinated organic compounds [22] , possibly resin acids (reviewed by Rintala and Puhakka [9] ).
TCF pulp bleaching
Five samples were taken from the two KP-mills using TCF-bleaching. B3 is a wastewater from the OO aQ and B4 from the O (P) AZq sequence, while B8 is a mix of B3 and B4 but also contains spent black liquor from the cooking process. E6 is the effluent from the two Po steps and E7 from the OO QQ sequence (see Table 1 for complete bleaching sequences of each process). At the time of sampling, the bleached line of mill E processed hardwood, while mill B processed softwood. The pH-values ranged from 3.1 to 7.3, TOC-values from 0.2-0.6 g TOC L -1 while the COD TOC -1 was 2.7-3.0 (Table A.5). The methane production over time showed similar trends for all samples with a high initial methane production followed by decreasing yields compared to the inoculum controls ( Figure 1F ). Before methane formation took off, inhibitions were seen for B4, E6 and E7. The final yield was around 10% of the theoretical methane potential for B3, B4, E6 and E7, while B8 gave a negative final methane yield ( Figure 1F ). The inhibiting effect of B8 is likely due to its content of spent black liquor.
No differences in methane yields or methane formation patterns between softwood and hardwood were seen for the TCF effluents (mill B vs. E. respectively).
Despite that the use of ECF/TCF bleaching has reduced the AOX load of KP bleaching effluents with 48-65% compared to the use of Cl 2 (reviewed by [20] ) we show that the acidic ECF bleaching effluents still are highly toxic to the AD-flora and that also the TCF bleaching effluents have a very low final methane yields ( Figure 1F and Table A.5) possibly linked to some sort of inhibition. There is however a difference in the methane formation patterns between the ECF-and TCF-bleaching effluents ( Figures 1D and 1E vs. Figure 1F) .
Three of the four alkaline ECF effluents ( Figure 1E ) had a positive final methane yield, where the methane production followed that of the inoculum controls after day 7. Thus, the organic matter of these effluents did not contribute to methane formation during the continuation of the incubation ( Figure 1E ). On the contrary the patterns of the TCF-effluents showed a decrease in methane yield over time. This indicates differences in the TOC produced in the alkaline ECF bleaching steps compared to the TCF bleaching, which is also supported by a previous study by Cates et al. [23] where it was reported that TCF effluents contain more low molecular weight compounds than ECF effluents and these compounds might have toxic effect on the AD-microflora. In addition, comparisons among effluents from different bleaching sequences have shown that composite ECF-effluents (i.e. acidic + alkaline bleaching sequences) appears to be more toxic than TCF effluents. There are also indications that bleaching effluents from softwood pulp are more toxic/less degradable than those from hardwood pulp [23] [24] which is supported by the results from the ECF-bleaching effluents of this study (Fig. 1D) . These previous results also fits well with ours from the acidic and composite effluents from ECF compared to the TCF effluents. However, it is important to realize that the toxicity and characteristics of all effluents are greatly dependent on the accumulation (recirculation) of COD/TOC and/or bleaching chemicals in the studied systems.
Mechanical pulp bleaching effluents
The TOC levels of the five TMP-bleaching effluents ranged 2.1-3.3 g L -1 , with COD TOC -1 of 2.9-3.5 and pH between 6.8 and 8.7 (Table A.6 ). The two samples from the hydrogen peroxide bleaching process at mill G (CTMP) showed similar methane formation patterns with final methane yields around 50% of the theoretical potential ( Figure 1G ). Also A41 and B7 had final yields around 50%, while B9 had a final methane yield of 36%. B7 and B9 are combined effluents containing both refinery and bleaching effluents while A41, G3 and G5 only contain effluents from the bleaching processes. A41, B7 and B9 all showed a slight initial inhibition compared to the inoculum controls ( Figure 1G ). These initial inhibitions may be due to peroxide residues and/or chelating agents from the bleaching at these mills. At the time of sampling, the process at mill G was producing unbleached pulp, why doses of hydrogen peroxide and chelating agents were lower, thus giving lower levels of these compounds in G3 and G5 compared to A41, B7 and B9. The lower final CH 4 -yield obtained from B9 than from B7 may be a result of a higher content of resin coated fibers (pers. comm. with personnel at mill B).
Condensate effluents
Three condensate effluents were sampled; B12, E9 and F20. The TOC concentrations ranged 0.2-3.3 g L -1 , while the COD TOC -1 were 3.8-4.5 and the pH 8.0-9.4 (Table A.7). The final yields obtained from E9 and F20 were 65% of the theoretical potential, while B12 yielded 118% ( Figure 1H ). The effluent with the highest TOC-content (3.3 g L -1 , B12), initially caused an inhibition in the methane production, a clear methane production can be seen from between day 10 and 16. B12 and E9 are a foul condensate, rich in methanol, and F20 is a mix of condensate of different purity levels (A, B and C-condensates where A and B both contain about 50% methanol). Due to the methanol content of B12, E9 and F20, the methane yields are likely overestimated, since our assumption that the TOC consists of 100% carbohydrates gives a lower theoretical maximum production of methane than methanol-rich substrates would.
Papermaking white waters
Four samples were taken from paper-and drying machine white waters ( Table 2) . Their TOC values ranged 0.1-0.5 g TOC L -1 , with TOC COD -1 of 1.7-6.5 and pH-values covering 5.4 to 8.6. The highest methane yield were obtained for A9 (65% of the theoretical potential) and D11 (55% of the theoretical potential; Figure 1I ). The TOC values of these effluents were about 0.5 and 0.2 g L -1 respectively (Table A. 8) . The incubation of B5 gave a low final methane yield (less than 10% of the theoretical potential) and for this effluent the methane production also decreased over time compared to the inoculum control incubations. C1 gave a similar methane formation pattern but more pronounced than for B5, with a maximum production of over 500 NmL CH 4 g -1 added TOC after 7 days of incubation ( Figure 1I) . The methane formation then ceased compared to the controls, why the yield became negative from day 45. The SD is large for C1, but a yield below 10% of the theoretical potential is concluded. The reasons for the lower/negative yields of B5 and C1 are unknown but might be linked to additives applied in the paper making process [11] . The pattern of methane formation for B5 however resembles that of the bleaching effluents from the same mill ( Figure 1F ), which implies that the TOC and possibly inhibiting substances are similar in these effluents. The COD to TOC ratio of A9 is 6.5 compared to 2.7, 2.9 and 1.7 for effluents B5, C1 and D11, indicating more reduced organic compounds in A9, which might give an increased methane yield and also an underestimation of the theoretical methane potential as given in the material and methods section. The high ratio of A9 can however not be fully explained by the presence of reduced carbon compounds, indicating disturbances in the analysis of COD or TOC for this effluent.
Neutral sulfite semi-chemical processes
Two samples were obtained from NSSC-processes producing fluting from hardwood. Both were composite effluents of the NSSC-processes and showed high and similar methane yields (60% of the theoretical potential; Figure 1J ) and also similar methane formation patterns, although the streams had different TOC-concentrations (1 g L -1 for C10 and 0.2 g L -1 for D2; Table A .9). The COD to TOC ratios were 3.8 and 3.3 and the pH 7.3 and 7.0 for C10 and D2, respectively. Both successful treatments and inhibition of methane production has been reported earlier for NSSC spent liquors (reviewed by Rintala and Puhakka [9] ).
Before pre-sedimentation composite effluents
The TOC of the seven sampled pre-sedimentation effluents ranged from 0.4-3.9 g TOC L -1
with COD TOC -1 of 2.6 to 3.7 and pH-values of 5.1-8.5 (Table A. 10).The highest methane yield was obtained with material from D6 (55% of the theoretical potential). A12 C7 and F10 had a final methane yield corresponding to 40% of the theoretical yield (a high SD should be noted for F10), B10 and G7 around 20% and E15 below 10%. For B10, C7, F10 and E15 the total/main methane yield was obtained within 14 days of incubation, while a lagphase was observed for G7, which had the highest TOC content of the pre-sedimentation effluents (3.9 g L -1 ; Figure 1K ). D6 initially showed similar methane production rates as B10, C7 and E15, but while the gas-production leveled off in the later, D6 continued to produce methane at a relatively high rate up to day 34. F10 does not include acidic bleaching effluents and C7 and D6 do not include any bleaching effluents while B10 and E15 include all bleaching wastewaters from the respective mill. As mentioned above mill G produced unbleached pulp at the sampling occasion. The low potential of G7 might be related to the high TOC of this effluent but can also be due to differences in the composition of the fiber fraction of the CTMP mill compared to the KP mills, with higher lignin content in the CTMP fibers, thus, making them less available for digestion.
After pre-sedimentation
Eleven samples were taken from effluents after sedimentation. The TOC concentrations in these samples ranged 0.07-2.0 g L -1 with COD TOC -1 of 2.3 to 3.9 (Table A. 11). The pH ranged 5.5-10.0. The highest methane yield was obtained for A13 (55% of the theoretical potential) followed by G8 (45%), B11, C8 and D13 (20%) and C11 (5%). D14, E16, F17, F15 and F16 all yielded less methane than the respective inoculum controls. The highest yields were obtained from two of the three mechanical processes (A13 and G8; Figure 1L ), which also displayed the two highest TOC values (1.2 and 2.0 g L -1 , respectively; Table A.11) . However, the pattern of methane formation differed between these two samples ( Figure 1L ). The organic matter in A13 was degraded faster, possibly related to less lignin and wood extractives in the TMP water compared to CTMP [9] . C8 and D13 do not contain bleaching effluents, while B11, C11 and D14 do, which may be the reason for the differences in methane yields between C8 and C11 and between D13 and D14. This also strengthens the earlier assumption that the acidic ECF bleaching effluents are toxic to the AD-flora.
The methane formation pattern of E16 was similar to that of E15 but with a higher initial production and a steeper decrease with time ( Figure 1L vs. Figure 1K ). The methane formation patterns for these effluents also resemble that of the bleaching effluents from the same mill (E6 and E7; Figure 1F ) and implies that toxic/inhibiting intermediates also from the TCF-bleaching affects the yields of the effluents downstream. The reason for the inhibition of AD from effluent F15 is unknown and somewhat surprising since this effluent is downstream F10 and does not contain additional effluents. One possible explanation is that the fibers present in F10 somehow detoxified the chemicals present in the water, for example by protecting microorganisms forming colonies on the fiber. This needs however to be further investigated. F16 and F17 contain effluents from the resin digester house which can explain the inhibition on AD from these effluents.
Comparison between pattern of methane formation over time and final CH 4 -yields between effluents before and after pre-sedimentation ( Figure 1K and Figure 1L ) shows that higher yields (NmL CH 4 g -1 TOC) are obtained in the KP pre-sedimentation effluents than after the fibers have been removed, while the reverse relation (i.e. higher yields after removal of fibers) occurred for the effluents from the mechanical processes. The high yields of the residue fibers from kraft pulping is likely due to their relatively high cellulose content, as the main part of the lignin is removed in the process and is thus mainly found in the dissolved wastewater fraction, while in the mechanical pulp most of the lignin stays in the fibers. The results suggests that fiber sediments from KP mills carry a large methane potential that the paper mills could utilize by AD instead of dewatering and burning it at low energy gains.
Principal component analysis
The bi-plot of PC1 and PC2 including all sampled effluents explained 75.8% of the variance in the dataset, however B1 and B12 showed outlier behaviour (bi-plot not shown) and thus dominated PC1 and PC2 due to high COD and TOC content (Table A.1 and A.7) and high methane yield per added TOC (B12). To further investigate the dataset a PCA was therefore applied excluding B1 and B12. By excluding B1 and B12 the explained variance decreased slightly (74.3%). No clearly separated groups of effluents could be seen, but three clusters can be distinguished partially integrated with the remaining dataset ( Figure 2 ). Cluster D and cluster F are found in the upper right quadrant. Cluster D includes all effluents from the D-step in kraft ECF pulp bleaching and total effluents from kraft ECF pulp bleaching. This cluster is characterized by a low methane yield and pH (Table A. 4) . Cluster F includes all TCF pulp bleaching effluents; the location close to the center of the bi-plot implies that this group is closer to the average effluent in this dataset. The third cluster (G) is located in the upper left quadrant and includes all mechanical pulp bleaching effluents. It shall also be noted that 12 out of 14 effluents from the CTMP and TMP mills can be found in the upper left quadrant. This is mainly due to the higher COD and TOC content compared to average effluents from the kraft process.
CONCLUSIONS
 For the KP-mills, the pulping effluents D4 and F3, together with the PM effluent D11, condensate effluents B12, E9 and F20 and the composite pre-sedimentation effluent D6 gave methane yields at or above 50% of the theoretical potential.  The acidic ECF-effluents were for the KP mills shown to be the most toxic to the AD-flora independent of if hard-or softwood was used in the production, and these effluents also affected the yield of composite downstream effluents negatively.  The methane yields of the alkaline ECF effluents seemed to be dependent on the raw material, as hardwood effluents gave higher yields than softwood effluents.  All TCF-bleaching effluents at the KP mills gave similar methane formation patterns, the raw material did not seem to affect the yields of these effluents.  The fiber fraction of the KP mills holds a large, likely easily accessible, methane potential.  The composite effluents from the two NSSC-processes was shown to be potent substrates, both gave methane yields of 60% of the theoretical potential.  The effluents from the TMP mill (A) gave high yields with all seven sampled effluents at/or above 40% of the theoretical potential. Best yields were obtained from the PM-(A9; 65%), the refinery-(A6; 55%) and the outgoing presedimentation effluents (A13; 55%).  The three samples from the CTMP process at mill B showed potentials around 40% while three of the six effluents at mill G (CTMP) yielded 45-50% (the bleaching effluents G3 and G5 and the composite effluent after sedimentation (G8).
Further studies are now performed on selected streams. The present focus is on fiber fractions and alkaline ECF bleaching effluents. 
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